Abstract-A novel laboratory test system is designed to evaluate the performance of star sensors. Two evaluation methods are presented, the star images simulation test and the zenith observation experiments method. In star image simulation, the nebula and moon lights enter into the CCD field of view (FOV) is considered. A new algorithm for fast access star catalog is also designed to enhance the speed of star image simulation. Zenith observation provides a new method to test accuracy of star sensor without telescope. The results demonstrate that the test system is effectively to evaluate the star pattern recognition rates and relatively accuracy performance of star sensors.
I. INTRODUCTION
With the booming of the space exploring, accuracy attitude determination and autonomous navigation becomes the crucial requirements of the spacecrafts. Star sensors can meet both of requirements above and its accuracy is much higher than other sensors, such as sun sensor, gyroscope, magnetometer, horizon sensor and etc [1] . Star sensors have been widely used to provide high accuracy attitude for the spacecrafts missions. With the extending complication of missions, low-mass, low-cost, high-performance star sensors were developed. According to different requirements of missions, many organizations have investigated various kinds of star sensors for different applications in the last three decades. Cassini star sensor was designed for long time deep space probe by JPL [2] . The ASC star sensor was developed to deliver an accurate absolute attitude reference via a serial line to guide the telescope [3] . The StarNav star sensor was developed to validate a new "Lost in space algorithm" (LISA) for determining precise spacecraft attitude without prior knowledge of position [4] . The Altair HB star sensor was developed by Surrey Satellite Technology Limited, which is a commercial star sensor employing maximum use of commercial off the shelf components [5] . All star sensors described above needed Laboratory Test systems to evaluate star sensor"s reliability and performance after their software and hardware design completed.
The test systems can be divided into two types. One is the star image simulation test system and another is the semi-physical test system. Star image simulation test system not use the real sky picture but use the simulated star image by software. It can test the star recognition rates and stability of software in star sensor [6, 7, 8] . The semi-physical test system takes picture from the real sky to test the star sensor. It can test the accuracy of attitude provided by the star sensors [3, 4, 5] . Both of the test systems should be completed to test the star sensors.
In this paper, we design a novel laboratory test system to evaluate the performance of star sensor, including the star image simulation and semi-physical test system. In the star image simulation test system, the nebula and moon lights entering into the CCD FOV is taken into account. We also proposed a new algorithm for fast accessing the star catalog to accelerate the speed of star image simulation. In the semi-physical test system, we proposed a new zenith method to test the accuracy of the star sensor without using telescope. Experiments result show that our Laboratory test system can evaluate the star recognition rates and accuracy of star sensor effectively.
II. THE PRINCIPLE OF THE LABORATORY TEST SYSTEM
Before we design the Laboratory test system, we should know the principle of star sensor. The star sensor is composed of the optical system and the electronic processing system. The optical system is composed of the lens, the CCD (or APS) detector plane and the baffle. It takes the photos from the real sky. The electronic processing system received the digital information of the picture from the optical system, and then used the software to calculate the attitude of the spacecraft. It included the star position estimation model, the star recognition model, the attitude determination model and the tracking model. The software flow of the star sensor is shown in Figure 1 . Fig. 1 , the star sensor uses the optical system to capture stars from the real sky firstly. Then, it uses the star position estimation model to calculate the star positions on the CCD plane. The star recognition method is used to identify the stars from star image. It matches the pattern constructed by the stars in the real star image with a catalog of reference stars pattern stored onboard to complete the identification. Finally, the attitude determination model uses the indentified star vectors to calculate the attitude of spacecraft. A star sensor usually operates in two modes: The Lost in Space Acquisition (LISA) mode and tracking mode. The difference between these two modes is whether a prior attitude is provided. In the LISA mode, star sensor uses the star recognition algorithm to get the initial attitude. When the initial attitude is given, the star sensor enters the tracking mode.
After the star sensor software and hardware design is completed, it is necessary to establish a laboratory test system to test the performance of the star sensor. From the Fig. 1 , it is seen that the input of the star sensor is the star image. So the key point of the laboratory test system is provided a star image with known attitude pointing. The principle of the laboratory test system is described in Figure 2 . Figure 2 The frame of laboratory test system for star sensor From the Fig. 2 , we can see that the laboratory test system includes two parts, the star image simulation and semi-physical test system. Star image simulation test system can provide simulated images in random directions with given attitude. Then the star sensor process the simulated star images and calculates the attitude of them. Compared the given attitude and the calculated attitude, we can test the star recognition rates of the star sensor. The semi-physical test system is designed for night sky experiments of the star sensor. Night sky experiments usually use the high accuracy telescope to point one direction and fixed the star sensor on it to calculate the attitude of the direction pointed by telescope. The semi-physical test system can test the accuracy of the star sensor. Under the condition of without telescope, we proposed a new zenith observation method to test the accuracy of star sensor.
Ⅲ. STAR IMAGE SIMULATION TEST SYSTEM
The star image simulation test system aims to provide star images under given attitude pointing. It consists of four main parts, searching star catalog, coordinate transformation, star magnitude simulation and the noise simulation part. The frame of the star image simulation is shown in Figure. 
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A. Star catalog accessing algorithm
When given the attitude pointing, we should find the stars in the field of view (FOV) under this pointing. We use the SKYMAP 2000 version 4 (developed by the NASA"s Goddard Space Flight Center) as the standard star catalog. Some pre-process operations on the standard star catalog should be taken. Firstly, we should eliminate binary and variable stars from the SKYMAP catalog. Secondly, according to the sensitive ability of CCD or APS sensor, we should set a magnitude limit to an appropriate value to ensure all selected guide stars can be imaged by the sensor and also can reduce the number of guide stars in the subset catalog [9] .
In order to enhance the speed of the accessing star catalog, we divided the celestial sphere into several blocks in declination direction. In this paper, the size of FOV is 12 12    . So we selected the interval of block size is 3  and the whole celestial sphere is divided into (90-(-90))/3=60 blocks. If we give a random attitude pointing, the searching range of declination just occupies 5 blocks. So the speed of searching the star catalog is 1/12 of traditional searching range. Because the circle of right ascension is not evenly, we propose a method to calculate the range of right ascension when we know the declination and the size of FOV.
Suppose the random attitude pointing is ( 
The criterion of stars in the FOV is given as follows: Firstly, we use the range of declination to determine which 5 blocks (sub catalog) should be searched, suppose n stars in these 5 blocks. Secondly, using the dot product in equation (2) between boresight reference vector p and n stars" vector to determine which star is in FOV. If n stars are all operated in dot product, it is time-consuming. We use the range of right ascension given by equation (1) to further reduce the number of stars searched in star catalog. The method can accelerate the speed of the accessing star catalog.
B. Coordinate transformation
The simulated star image needs to calculate the guide star positions on the 2-D CCD plane. So the coordinate transformation is the first task of star image simulation. The guide star position in the celestial sphere is given by  i (right ascension) and  i (declination) (from the SKYMAP catalog). This position is in the celestial coordinate system (CCS), which is centered of the earth. The X-axis points at the mean equinox. The Z-axis points at the celestial pole. The Y-axis is constructed the righthand system with the X and Z-axis. The guide star vector given by  i and  i can be transformed into the 3D coordinate in CCS and can be shown as [10] :
Guide star positions on the CCD coordinate system are needed. The center of the CCD coordinate system is the lens focus. The Z-axis points at the boresight direction of the star sensor. The X-axis is parallel to the rows direction of pixels of the CCD plane. The Y-axis is also constructed the right-hand system with the X and Z-axis. The guide star positions [X,Y,Z] in CCD coordinate system is given by [11] :
The matrix M is the rotation matrix from CCS to the CCD coordinate. A 3-2-1 Euler angle rotation is adopted.
It rotates an angle  round the Z-axis first. Then rotating an angle  round the Y-axis and finally rotating an angle  round the X-axis. The frame of coordinate transformation is shown in Figure 5 . The frame of coordinate transformation After the 3-2-1 rotating, we can get the rotation matrix M as follows [11] :
substituting equation (3) and (5) into (4) 
Normalizing the equation (6), we can get the guide star position [x,y] on the 2-D CCD plane.
where the f is the lens focus, FOV is the size of field of view (in this paper is 12 12    ). n is the row or column number of pixels of CCD. Through the equation (7), we can get the star position on the 2D CCD plane to generate the simulated star image.
C. Star magnitude simulation
Star magnitude is important information on simulated star image. The visible magnitude of the stars is given by the SKYMAP catalog. The magnitude of stars is close related with the irradiance of stars and can be calculated as follows [12] : 0 2.51lg If we want simulate magnitude 0~6.5, the irradiance difference ratio between magnitude 0 and 6.5 should larger than 100. But the computer gray level is limited and can"t reach the 100 ratio. We use the linear relationship between magnitude and gray level to simulate the magnitude of stars and are given as follows:
where max m is the maximum magnitude can be simulated (in this paper After getting the simulated gray value of star, we should consider the distribution of star energy. If the star energy concentrate on one single pixel, then we can"t use the centroid algorithm to calculate subpixel accuracy star position. So the star sensor camera should be defocused slightly in order to spread the starlight energy over several neighbor pixels. If a small displacement Z  from the image plane, the star energy distribution area will increase and its diameter is [13] :
where the F# is the optics number of the image sensor. The unit of the D is m  .
After defocusing, the starlight signal intensity distribution spread point function is reasonable approximated by the Gaussian function and the 2-D situation function can be written as [14] : is the accuracy star position on the CCD plane,  is the dispersion radius of the star intensity. Figure 6 is the simulation of single star point under consideration of defocus and Gaussian energy distribution. 
D. Noise and Sky environment simulation
Actually, the star image can be completed by the former three parts. In order to provide the noisy star image to test the stability of star sensor, we take full consideration of noise and sky environment effects in the star image simulation.
Typically in simulation, the noise is used the white Gaussian noise with zero mean and some value in standard deviation. In the star image simulation, we can add the white Gaussian noise on the positions of stars and the magnitude of stars.
Nebula and Cluster is also a disturbance factor which can influence the operation of star sensor. Once the nebula or the cluster enters into the FOV, it will cover some useful stars because of its diameter is much bigger than single star. The Messier catalog [15] provides the information about the nebula and the cluster in the sky. There are about 110 nebulas in the sky, but only 35 nebulas can be detected by the CCD detector. The Messier catalog gives out the position and diameter of the nebulas.
First, we can calculate the number of occupied pixels per degree. The CCD size is 512×512 pixels, the FOV is 12 
where the Row_size and Column_size are the number of pixels occupied by the nebula on CCD plane.
The moon lights entering the FOV is also taken into account, it can be simulated by circle or ellipse shape.
Ⅳ. ZENITH OBSERVATION ALGORITHM
The star image simulation test system is described above. It just can test the star recognition rates and the software stability of the star sensor. It is necessary to design the semi-physical test system to test the accuracy of the star sensor. The semi-physical test system captured the stars from the real night sky. Night sky experiments usually use the high accuracy telescope to point one direction and fixed the star sensor on it to calculate the attitude of the direction pointed by the telescope. Under the condition of without telescope, we proposed a new zenith observation method to test the accuracy of star sensor.
The zenith method takes the earth as an evenly rotational turntable. It needs high accuracy spirit level to make sure the star sensor points at the zenith direction. The star sensor captured the stars from the zenith direction and calculated the attitude. Then, we use the astronomy knowledge to figure out the zenith position at the shooting time. Compared the star sensor"s attitude with the zenith ideal attitude, we can test the accuracy of the star sensor without telescope.
Before using the zenith method, we should know two input parameters, the shooting time (UTC) and the location of star sensor (geographical latitude, geographical longitude and geographical Height in geocentric coordinate system). The output is the zenith position in the conventional inertial system. The flow of the coordinate transformation is described in Figure 7 . (14) CIS: Conventional Inertial System CTS: Conventional Terrestrial System S(t): the transformation matrix from the geocentric coordinate system to CTS. W(t): the transformation matrix from CTS to Terrestrial System (TS) consideration of the polar motion effects R(t): the transformation matrix from TS to Celestial System (CS), from the rotation of the Earth around the axis of the pole. Q(t): the transformation matrix from CS to CIS under consideration of the precession and nutation.
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The matrix described above needs a lot of observation information released by International Astronomical Union (IAU) every year, and the calculating doesn"t mention in detail in this paper.
Ⅴ. EXPERIMENTS AND RESULTS
In this section, we design a number of experiments to verify the laboratory test system designed in this paper. The experiments are divided into two parts, the simulated star image test and the semi-physical test.
A. Simulated star image test
Star image simulation uses the software to simulate the star image captured by the CCD sensor. The theory of the star image simulation is described in the section Ⅲ. white Gaussian noise In Fig. 9 , the white Gaussian noise is added into the simulated star image. It can used to test the stability of star sensor software. Figure 10 The nebula simulation in the simulated star image In Fig. 10 , the nebula is simulated in the star image. The nebula is M33 (in the Messier catalog) with position at (23.475, 30.65), so the boresight of the star sensor is selected at (26, 33, 90 ). This simulation is considered the sky environment effects on star sensor operation. Figure 11 The moon lights entering FOV simulation In Fig. 11 , we simulated the moon lights entering into the star sensor FOV. The moon can affect the operation of the star sensor. The simulation can test the star recognition rate, when the star sensor under the stray light entering into the FOV.
We also selected 1000 random attitudes adding white Gaussian noise on star magnitude from 0.1 to 0.6 to test the performance of star sensor. It took 0.4 second to complete one image processing and the star identification success rate under the noise lower than 0.3 magnitude was 98.6%. Once the LISA is success, the star sensor can enter the tracking mode quickly. When the magnitude higher than 0.4, the success rate of star recognition has a little decrease. The experiments results showed that the star sensor software was stable and insensitive to the magnitude noise. It also demonstrated that the star image simulation test system is feasible.
B. Semi-physical experiments
Except the simulated star image test, we also take experiments in real night sky. The night sky experiments were carried out on NAOC"s observation station in XingLong, Hebei Province, in December 2009. We took about 900 images under different orientations and different noises. A real sky image captured by the star sensor and its 3D processing is given in Figure 12 Figure 13 The 3D process of the real sky image There are about 100 images pointing at the zenith in all real sky images. We selected 66 images to validate the zenith observation method and to test the relative accuracy of the star sensor. The ideal attitude figured out by the zenith method and the calculated attitudes provided by the star sensor about the 66 images are shown in table 1.
We can calculate the relative accuracy of the star sensor. The relative error in right ascension and declination are shown in Figure 14 and 15. . Through the experiments above, we can see that the zenith method can meet the accuracy testing requirements of the star sensor without telescope. The laboratory test system designed in this paper is proved to be feasible and can meet the requirements of performance evaluation of the star sensor.
Ⅵ. CONCLUSIONS
A novel laboratory test system is designed in this paper. We give out two methods to evaluate the performance of star sensor, the simulated star image method and the zenith observation method. The star image simulation is described in detail, and the nebula and moon lights entering into the CCD FOV are taken into account. A fast accessing star catalog method is proposed. In the semiphysical test system, we proposed a new zenith method to test the relative accuracy of the star sensor without using telescope. Experiments results prove our Laboratory test system is feasible and can meet the requirements of performance evaluation of the star sensor.
